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SUMMARY 
T h e  c o n v e r t e r  r e p o r t e d  h e r e  h a d  a d j u s t a b l e  s p a c i n g ,  a 
f l u o r i d e   v a p o r   d e p o s i t e d  W e m i t t e r ,  a N b  c o l l e c t o r ,  a n d  a Nb 
g u a r d  r i n g .  T h e  c o l l e c t o r  a n d  g u a r d  r i n g  c o u l d  b e  m a i n t a i n e d  
at t h e  same t e m p e r a t u r e  a n d  e l e c t r i c a l  p o t e n t i a l .  T h e  s t r u c t u r e  
w a s   s i m i l a r   t o   p r e v i o u s   c o n v e r t e r s   t e s t e d   e x c e p t   f o r  a mod i f i ca t ion  
i n   t h e   e m i t t e r   s u p p o r t .  
T h e   e m i t t e r   s u r f a c e   w a s  a 0. 020- inch - th i ck   l aye r  of 
f l u o r i d e   v a p o r   d e p o s i t e d  W on a 1 / 4 - i n c h   d i s k   o f   G e n e r a l   E l e c t r i c  
w e l d a b l e  g r a d e  W .  B e f o r e  a s s e m b l i n g  t h e  c o n v e r t e r ,  x - r a y  
d i f f r a c t i o n   t e s t s   v e r i f i e d   t h a t   t h e   e m i t t e r   s u r f a c e   w a s  ( 1 0 0 )  
o r i e n t e d  W.  T h e   w o r k   f u n c t i o n  of t h e   e m i t t e r   w a s  4. 57  e V   a t  
2200°K.  Moun ted  in  the  conve r t e r ,  t he  emi t t e r  work  func t ion  a t  
2200°K was  4. 52  eV and  at 2300°K was  4. 56 eV.  Af t e r  i n t roduc ing  
C s ,  t h e  c o l l e c t o r  h a d  a m i n i m u m  w o r k  f u n c t i o n  of 1. 54  eV,  wh ich  
h a d   f u r t h e r   r e d u c e d   t o  1. 44  e V  a t   t he   end  of t e s t ing .  
D i f f i c u l t i e s  w e r e  e n c o u n t e r e d  d u r i n g  t h e  o u t g a s s i n g .  
H o w e v e r ,  i t  w a s  t h o u g h t  t h a t  t h e  c o n v e r t e r  was vacuum t igh t  
wh i l e  t he  Cs w a s  d i s t i l l e d  i n t o  t h e  c o n v e r t e r .  D u r i n g  o p e r a t i o n  
t h e  o u t p u t  c h a r a c t e r i s t i c s  i m p r o v e d ,  p a r t i c u l a r l y  i n  t h e  f i r s t  f e w  
hour s .  Upon  t ak ing  the  conve r t e r  apa r t ,  a coa t ing  of W a n d  W 0 2  
w a s  f o u n d  o n  t h e  c o l l e c t o r  a n d  g u a r d .  T h i s  c o a t i n g  o n  t h e  c o l l e c t o r  
p r o b a b l y   c a u s e d  a l o w e r i n g  of the qC as m e a s u r e d  at the  end  of 
t e s t ing .  Also, g r a i n  g r o w t h  h a d  o c c u r r e d  i n  t h e  e m i t t e r  s o  t h a t  
t h e   e x p o s e d   e m i t t e r   s u r f a c e   c h a n g e d   f r o m   ( 1 0 0 )   c r y s t a l   p l a n e s   t o  
(112) ,  (113)  and  ( 1  1 4 )  c r y s t a l  p l a n e s .  
T h e   c u r r e n t   d e n s i t y   v e r s u s   v o l t a g e   c u r v e s   p r e s e n t e d   i n  
Appendix A are a c o m p l e t e   s e t   t a k e n  after m o r e   t h a n   1 0 0   h o u r s  
of ope ra t ion   and  after t h e   c o n v e r t e r   a p p e a r e d   t o   h a v e   m o d e r a t e l y  
s t a b l e  o u t p u t  p e r f o r m a n c e .  T h e r e f o r e ,  t h e s e  J - V  c u r v e s  a r e  
a s s u m e d   t o   b e   r e p r e s e n t a t i v e  of a W ( 1 1 2 )   t o   ( 1 1 4 )   e m i t t e r   a n d  a 
c o l l e c t o r  of W + WO2  on Nb. 
A c o m p a r i s o n  of the  output  of t h i s   c o n v e r t e r   w i t h   o t h e r s  
o p e r a t e d  u n d e r  s i m i l a r  e m i t t e r  a n d  c o l l e c t o r  t e m p e r a t u r e s  s h o w s  
a l i t t l e   h i g h e r   p e r f o r m a n c e   t h a n  a c o n v e r t e r   w i t h  a po lyc rys t a l l i ne  
W e m i t t e r   a n d  a Nb c o l l e c t o r ,  b u t  l o w e r  o u t p u t  t h a n  t w o  c o n v e r t e r s  
w i t h  e m i t t e r s  h a v i n g  (110)  o r i e n t e d  W s u r f a c e s .  T h i s  c o n v e r t e r  
o p e r a t e d  at l o w e r  C s  r e s e r v o i r   t e m p e r a t u r e s   t h a n   a n y   o t h e r   t e s t e d  
i n   t h i s   p r o g r a m ,  a c h a r a c t e r i s t i c   p r o b a b l y   r e s u l t i n g   f r o m   t h e  
p r e s e n c e  of 02. 
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INTRODUCTION 
T h e  work r e p o r t e d   h e r e   i s   p a r t  of a p r o g r a m   c o n d u c t e d  
f o r   N A S A - L e w i s   R e s e a r c h   C e n t e r   u n d e r   C o n t r a c t  NAS 3-8511, 
T a s k  111. T h i s  p r o g r a m  c o n s i s t s  of b u i l d i n g  a n d  o p e r a t i n g  t h e r m i o n i c  
c o n v e r t e r s   w i t h   v a r i o u s   e l e c t r o d e   m a t e r i a l s   i n   o r d e r   t o   c h a r a c t e r i z e ,  
e v a l u a t e ,  a n d  i d e n t i f y  t h e  m o s t  p r o m i s i n g  e l e c t r o d e  s u r f a c e s  f o r  
c o n v e r t e r  o p e r a t i o n .  T h e  t a b l e  b e l o w  i n d i c a t e s  t h e  e m i t t e r  m a t e r i a l ,  
c o l l e c t o r  m a t e r i a l ,  a n d  s p a c i n g  f o r  t h e  12 c o n v e r t e r s  of t h i s  s e r i e s .  
C o n v e r t e r s  7 t h r o u g h  12 i n  t h e  t a b l e  c o v e r  t h e  N A S A - s p o n s o r e d  
p r o g r a m   ( c o n v e r t e r  10  i s   t h e   c o n v e r t e r   c o v e r e d   i n   t h i s   r e p o r t ) .  
T h e   m e a s u r e d   p e r f o r m a n c e s  are  documen ted  in  the  r e fe rences  
l i s t ed .  
E m i t t e r  
P o l y c r y s t a l l i n e  W 
P o l y c r y s t a l l i n e   R e  
Spac ing  
C o l l e c t o r   ( I n c h e s )   R e f e r e n c e  
Ni  
N i  
P o l y c r y s t a l l i n e   R e   N i  
P o l y c r y s t a l l i n e  W Ni 
P o l y c r y s t a l l i n e  W W 
W - 2 5  w / o  R e   N i  
P o l y c r y s t a l l i n e  W Nb 
V a p o r   D e p o s i t e d  ( 1  0 0 )  W ,  Nb 
{1101 E t c h  
{ l l O l  E t c h  
Vapor   Depos i t ed  (1  1 0 )  W,  Ni  
Vapor   Depos i t ed  (1 12 )  W W + W o 2   o n   N b  
Vapor   Depos i t ed   (1  10)  W Nb 
Vapor   Depos i t ed  ( 1  10)  W Mo on  Nb 
0. 005 1 
0. 005 1 
0 .  0 0 2  2,  394 
0 . 0 0 2  4,  5 
0 .   0 0 2  5 
0. 005  5 
0. 001  t o  0. 0 2 0  6,  7 
0. 001  to  0. 0 2 0  8 
0 . 0 0 5  9 
0. 002 t o  0. 020  - 
0. 0 0 2  t o  0. 020  : 
0. 005 t o  0. 020 .I< 1. 
: :Results to be published. 
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TEST VEHICLE 
F i g u r e  1 s h o w s  a c r o s s - s e c t i o n  d r a w i n g  of t h e  t h e r m i o n i c  
c o n v e r t e r .  It i s   s i m i l a r   t o   t h a t  of R e f e r e n c e  8 bu t  w i th  a mod i f i ca -  
t i o n  t o  t h e  s u p p o r t  f o r  t h e  e m i t t e r .  I n  p r e v i o u s  c o n v e r t e r s ,  d i f f i c u l t i e s  
had   been   encoun te red   i n   mak ing  a Nb b r a z e  of t he  W e m i t t e r   t o   t h e  
T a  t h i n  c y l i n d e r .  I n  t h i s  c o n v e r t e r  t h e  t h i n  c y l i n d e r  w a s  m a d e  of 
0. 0 0 5 - i n c h - t h i c k  W - 2 5  w / o  R e  a l l o y ,  T h e  c y l i n d e r  w a s  e x t e n d e d  u p  
r a t h e r   t h a n   d o w n   f r o m   t h e  emitter.  T h e   W - 2 5   w / o   R e   c y l i n d e r   w a s  
made   by   ro l l i ng  a 0. 005- inch- th ick   fo i l   in to  a c y l i n d e r   a n d   v a c u u m  
e l e c t r o n  b e a m  w e l d i n g  a c l o s u r e  seam. T h i s  c y l i n d e r  w a s  t h e n  e l e c t r o n  
b e a m  w e l d e d  t o  t h e  W e m i t t e r  a n d  t o  a Mo r i n g  at the  uppe r  end .  The  
Mo r i n g   w a s   C u   b r a z e d   t o  a N i   s p i n n i n g   w h i c h   w a s   b e a m   w e l d e d   t o   t h e  
l a r g e   N i   h e a t   r a d i a t o r   a n d   s t r u c t u r a l   m e m b e r  at t h e   t o p  of t h e   d e v i c e .  
F o r  a d e t a i l e d  d e s c r i p t i o n  of t h e  f a b r i c a t i o n ,  a s s e m b l y ,  a n d  o u t g a s s i n g ,  
see Appendix A of R e f e r e n c e  7. 
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FIXED - LEG 
P R E P A H A T I O N  O F  THE E M I T T E R   S U R F A C E  
A 0. 2 5 0 - i n c h - t h i c k   p o l y c r y s t a l l i n e  W e m i t t e r   d i s k   w a s   c o a t e d  
w i t h  a 0. 020- inch - th i ck  layer of (100)  o r i e n t e d  W b y   f l u o r i d e   v a p o r  
d e p o s i t i o n  p r o c e s s .  A f t e r  a p r e l i m i n a r y  p o l i s h ,  a h a r d n e s s  t e s t  
d e v e l o p e d   b y  Festa a n d   D a n k o   i n d i c a t e d   t h a t   t h e   s a m p l e   h a d  less 
t h a n  1 0  p p m  of f l u o r i d e  i n  t h e  d e p o s i t e d  l a y e r .  A n  x - r a y  d i f f r a c t i o n  
a n a l y s i s   s h o w e d   t h a t   t h e   s a m p l e   w a s   h i g h l y   o r i e n t e d   w i t h   t h e  ( 1 0 0 )  
p l a n e s ' p a r a l l e l   t o   t h e   b u l k   s u r f a c e .  
T h e   s u r f a c e   w a s   g i v e n  a f i n a l  m e c h a n i c a l  p o l i s h  a n d  a n  
e l e c t r o p o l i s h  d e s c r i b e d  i n  R e f e r e n c e  8 .  . F i g u r e  2 s h o w s  t h e  w o r k  
func t ion  of t h i s   e m  .cer b e f o r e   a n d   a f t e r  a h e a t   t r e a t m e n t   a t  2400OC 
f o r  30 m i n u t e s .  T h e  f i n a l  w o r k  f u n c t i o n  at 2200°K w a s  4. 57  eV. 
* T h i s   c o n v e r t e r   w a s   p l a g u e d   w i t h   t r o u b l e s .   T h r e e   t i m e s ,  
w h i l e  p r o c e s s i n g  t h e  c o n v e r t e r ,  l e a k s  d e v e l o p e d  i n  t h r e e  d i f f e r e n t  
p l a c e s .  F i n a l l y ,  i n  M a y  1 9 6 8  t h e  e n v e l o p e  a p p e a r e d  v a c u u m  t i g h t  
a f t e r  o u t g a s s  ing. T h e   w o r k   f u n c t i o n  of t h e   e m i t t e r   w a s   m e a s u r e d  
j u s t  b e f o r e  a d m i t t i n g  t h e  C s .  T h e s e  v a l u e s  are t h e  n u m b e r e d  
p o i n t s  i n  F i g u r e  2. T h e  n u m b e r s  i n d i c a t e  t h e  o r d e r  i n  w h i c h  t h e  
d a t a  w e r e  t a k e n .  T h e  a g r e e m e n t  of po in ts  1 and  6 s u g g e s t  t h a t  t h e  
w o r k  f u n c t i o n  w a s  n o t  c h a n g i n g  d u r i n g  t h e  m e a s u r e m e n t s .  T h e  
s h a p e  of t he   cu rve   i s   unusua l .   A t  2200°K, = 4.  52  e V .  
A f t e r   i n t r o d u c i n g   t h e  C s ,  t h e   m i n i m u m   w o r k   f u n c t i o n  of t h e  
c o l l e c t o r  w a s  1. 5 4  e V .  T h i s  a p p e a r s  low f o r  Cs o n  Nb. P e r h a p s  
d u r i n g   t h e   s e v e r a l   o u t g a s s i n g   o p e r a t i o n s   s o m e  W o r   W 0 2   a c c u m u l a t e d  
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o AFTER  ASSEMBLY AND OUTGASSING  CONVERTER 
4.3 
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TEMITTER O K  
F i g u r e  2. Emitter W o r k  F u n c t i o n  V e r s u s  Tempera ture  
C O N V E R T E R   O P E R A T I O N  
T h e   f i r s t   v a r i a b l e   s p a c e d   c o n v e r t e r   ( V G -  12) o f   t h i s   s e r i e s  (6 ,  7 )  
did   no t   have  a g u a r d  r i n g .  I n  r e p o r t i n g  o n  t h i s  c o n v e r t e r  w e  ( 7 )  
a s s e r t e d   t h a t   t h e   l a c k  of a g u a r d   r i n g   c o u l d   b e   d e t e c t e d   o n l y   a t   l o w  
C s  v a p o r  p r e s s u r e s  a n d  h i g h  i n t e r e l e c t r o d e  v o l t a g e - - i .  e. , low 
ou tpu t  vo l t ages .  The  l ack  of a g u a r d  r i n g  w o u l d ,  t h e r e f o r e ,  n o t  
a f f e c t  t h e  o p e r a t i o n  i n  t h e  r e g i o n  of i n t e r e s t - - n a m e l y ,  a l o n g  t h e  
e n v e l o p e  o f  t h e  J - V  c u r v e s .  I n  o r d e r  t o  t e s t  t h e s e  a s s e r t i o n s ,  s e v e r a l  
p a i r s  of J - V   c u r v e s   w e r e   t a k e n   w i t h   t h e   g u a r d   r i n g  of t h i s   c o n v e r t e r  
a n d  d i s c o n n e c t e d - - i .  e. , f l o a t i n g  e l e c t r i c a l l y .  F i g u r e  3 s h o w s  t h r e e  
p a i r s  of t h e s e   J - V   c u r v e s .  
T h e   s o l i d   l i n e s   w e r e   t a k e n   f i r s t   w i t h   t h e   g u a r d   f l o a t i n g ;  
t h e n   t h e   g u a r d   w a s   c o n n e c t e d   a n d   w i t h i n   t e n   s e c o n d s   t h e   d a s h e d  
J - V  c u r v e s  w e r e  t a k e n .  T h e  d a s h e d  c u r v e s  are  at s l igh t ly  lower  
o u t p u t   p o t e n t i a l s   b e c a u s e   t h e   i n c r e a s e d   c u r r e n t   t o   t h e   g u a r d   c o o l s  
t h e   e m i t t e r   a n d   t h i s   i s   r e f l e c t e d   i n  a r educ t ion  in  ou tpu t  vo l t age .  
A t  t h e  l o w e s t  C s  p r e s s u r e  a n d  a t  low ou tpu t  vo l t age ,  t he re  is a 
s i g n i f i c a n t   i n c r e a s e   i n   t h e   c o l l e c t o r   c u r r e n t   d e n s i t y   w h e n   t h e  
gua rd  i s  f l oa t ing .  However ,  as p r e d i ~ t e d ' ~ )  t h i s  m a k e s  no 
s i g n i f i c a n t   d i f f e r e n c e   a t   t h e   k n e e  of t h e   J - V   c u r v e   w h e r e   i t  is 
t a n g e n t   t o   t h e   e n v e l o p e  of t h e   J - V   c u r v e s .  
T h e   g u a r d   t e n d s   t o   f l o a t   a t   a b o u t  1.  8 vo l t s  nega t ive  r e l a t ive  
t o  t h e  e m i t t e r .  A t  z e r o  o u t p u t  v o l t a g e  ( e m i t t e r  t o  c o l l e c t o r ) ,  s i n c e  
$c =+c, t h e  s u r f a c e  of t h e  g u a r d  i s  1. 8 vo l t s  nega t ive  r e l a t ive  
t o  t h e  s u r f a c e  of t h e  c o l l e c t o r .  T h i s  p o t e n t i a l  d i f f e r e n c e  b e t w e e n  
t h e  g u a r d  a n d  c o l l e c t o r  d r i v e s  s o m e  e l e c t r o n s  t o  t h e  c o l l e c t o r  
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Figure 3. Change in J - V  Curves Caused by Disconnecting the Guard 
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F o l l o w i n g   t h e   a b o v e   m e n t i o n e d  test of t h e   e f f e c t  of t h e   g u a r d ,  
a set of J - V   c u r v e s   w a s   r u n   a t  T E  = 1673'K, T C  = 873OK, v a r i o u s  
Cs r e s e r v o i r  t e m p e r a t u r e s  a n d  at v a r i o u s  s p a c i n g s .  W h e n  t h e  
e m i t t e r  t e m p e r a t u r e  w a s  i n c r e a s e d  t o  1 7 7 0  K ,  t h e  e m i t t e r  s u p p o r t i n g  
s t r u c t u r e   s u d d e n l y   c h a n g e d   s h a p e   a n d   t i p p e d   t h e  emitter r e l a t i v e   t o  
t h e   g u a r d  s o  t h a t   i t   w a s   e s t i m a t e d   t h a t   w h e n   t h e   t w o   e l e c t r o d e s  
t o u c h e d   o n   o n e   s i d e   t h e y   w e r e   a b o u t  8 m i l s   a p a r t   o n   t h e   o t h e r   s i d e ,  
T h e  b e l l  j a r  w a s  r e m o v e d  t o  r e l e v e l  t h e  c o n v e r t e r .  A p p a r e n t l y  a 
f o u r t h   l e a k   h a d   d e v e l o p e d   a n d   t h e   c o n v e r t e r   w a s   e x p o s e d   t o   a n  
e n v i r o n m e n t  of a i r .  
0 
T h e  c o n v e r t e r  w a s  r e b u i l t  a n d  o u t g a s s e d  o n c e  m o r e .  I n  
r e s p o n s e   t o   s c h e d u l i n g   c o n f l i c t s ,   t h e   c o n v e r t e r   w a s   c o o l e d   d o w n  
a n d  left f o r   1 0   d a y s   w i t h   a n   a t m o s p h e r e  of a i r   o n   t h e   o u t s i d e   a n d  
t h e  i n s i d e  c o n n e c t e d  t o  a v a c - i o n  p u m p .  T h e  i n s i d e  p r e s s u r e  w a s  
i n i t i a l l y   a t  1 x t o r r  as m e a s u r e d   i n   t h e   i o n   p u m p .   A t   h e   e n d  
of t h e  1 0 - d a y  p e r i o d ,  t h e  p r e s s u r e  h a d  i n c r e a s e d  t o  2 x 1 0  t o r r .  
B y  b l o w i n g  A r  g a s  o n  l o c a l  a r e a s ,  a small l e a k  w a s  l o c a t e d  i n  o n e  
of t h e  5 - m i l - t h i c k  N i  d i a p h r a g m s .  A r g o n  g a s  d o e s  n o t  p u m p  w e l l  
i n   a n   i o n   p u m p   a n d   t h e   p r e s s u r e   w i l l   i n c r e a s e  if A r  is admi t t ed .  
W h e n  t h i s  l e a k  w a s  p a i n t e d  w i t h  G - V a c ,  t h e  i n s i d e  p r e s s u r e  r e t u r n e d  
t o  1 x t o r r .   B e c a u s e  of t h i s   c o n v e r t e r ' s   h i s t o r i c a l   r e c o r d ,  
i t   w a s   d e c i d e d   t o   c h a r g e   t h e   d e v i c e   w i t h  C s  a n d   m o u n t   t h e   c o n v e r t e r  
i n   t h e   v a c u u m   b e l l   j a r - - t r y i n g   t o   g e t   t h e   f u l l  set  of da t a   w i thou t  
r e o p e n i n g  t h e  b e l l  j a r .  O n c e  t h e  c o n v e r t e r  w a s  h e a t e d ,  i t  w a s  
be l i eved  tha t  t he  G-Vac  wou ld  be  even tua l ly  evapora t ed  o f f ;  however ,  
i t  was  hoped  tha t  t he  Cs  wou ld  be  lo s t  ve ry  s lowly .  T h e s e  p r o b l e m s  
a re  m e n t i o n e d   b e c a u s e   t h e y  are  i m p o r t a n t   i n   m a k i n g  a p laus ib l e  
e x p l a n a t i o n   f o r   t h e   o b s e r v a t i o n s   t o   f o l l o w .  
-8  
F i g u r e  4 s h o w s  a J - V  c u r v e  t a k e n  o n  J u n e  7,  1968 ,  and  the  
f i r s t  J - V  r u n  o n  A u g u s t  2 7 ,  1 9 6 8 ,  after t h e  t r e a t m e n t  e x p l a i n e d  
a b o v e .  F r o m  5 t o  1 5  a m p e r e s / c m 2  t h e  t w o  J - V  c u r v e s  a r e  v e r y  
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F i g u r e  4. P e r f o r m a n c e  at T E  = 1673OK B e f o r e  and A f t e r  R e p a i r i n g  a n  
Envelope  Leak  
11 
I I1 I I 111 I 
s i m i l a r .  T h i s  o b s e r v a t i o n  s u g g e s t e d  t h a t  t h e  w o r k  f u n c t i o n  of 
t h e  c o n v e r t e r  d r e w  50% m o r e   c u r r e n t  at ze ro .  ou tpu t  vo l t age .  Th i s  
o b s e r v a t i o n   w o u l d   s u g g e s t   t h a t   t h e  emitter had a l o w e r   w o r k   f u n c t i o n  
on  Augus t  27 ,  1968. O n  A u g u s t  2 7  a n d  2 8 ,  t h e  c o n v e r t e r  w a s  
o p e r a t e d  f o r  a b o u t  t e n  h o u r s  a t  T E  = 1770,  1865,  and 1962'K. On  
Augus t  29 ,  a f a m i l y  of c u r v e s  w e r e  t a k e n  at T E  = 1673OK. C u r v e s  
D and E of F i g u r e  5 a re  two of t h e s e  c u r v e s .  C u r v e  C ,  t a k e n  o n  
J u n e  7, is s h o w n  f o r  c o m p a r i s o n .  
C o m p a r i n g   C u r v e  D w i t h   C u r v e  C of F i g u r e  5 and   w i th  
C u r v e  B of F i g u r e  4 ,  i t  a p p e a r s  t h a t  d u r i n g  t h e  '10 h o u r s  of o p e r a t i o n ,  
t he  ou tpu t  vo l t age  inc reased  0. 1 v o l t s ,  s u g g e s t i n g  t h a t  t h e  w o r k  
func t ion  of t h e  c o l l e c t o r  d e c r e a s e d  0. 1 eV.  However ,  Curve  C w a s  
at TCs = 603OK a n d  C u r v e  D w a s  at Tcs = 573OK. T h e r e f o r e ,  o n e  
m a y  c o n c l u d e  t h a t  t h e  s u r f a c e  of t h e  e m i t t e r  a l s o  c h a n g e d .  C u r v e  D 
h a s  t h e  same e l e c t r o n   e m i s s i o n  as C u r v e  C ,  b u t  f o r  C u r v e  D t h e   C s  
r e s e r v o i r  t e m p e r a t u r e  i s  3 0  K lower .  0 
A c o m p l e t e  set  of J - V   c u r v e s   w a s   r u n   u p   t o   a n d   i n c l u d i n g  
T E  = 2153'K and  a w e e k  later o n  S e p t e m b e r  5 ,  1 9 6 8 ,  a n o t h e r  s e t  
of J - V  c u r v e s  w a s  t a k e n  at TE = 1673OK. C u r v e s  E a n d  F of 
F i g u r e  5 w e r e  t a k e n  u n d e r  i d e n t i c a l  c o n d i t i o n s  of T E  , T c s ,   a n d  
s p a c i n g .  A p p a r e n t l y  t h e  e l e c t r o n  e m i s s i o n  of t h e  e m i t t e r  h a d  
i m p r o v e d   s t i l l   m o r e .  
A n o t h e r   c o m p l e t e  set of d a t a   w e r e   r u n   f r o m   S e p t e m b e r  5 
th rough  Sep tember  12 ,  1968 .  Compar ing  these  J -V  cu rves  a t  t he  
h i g h e r   e m i t t e r   t e m p e r a t u r e   w i t h   t h o s e   r u n   A u g u s t   2 9   a n d   3 0 ,   i t  
a p p e a r s   t h a t   t h e   e m i t t e r   c h a n g e s   w e r e   n o t   d e t e c t a b l e   a f t e r   A u g u s t  29. 
H o w e v e r ,  t h e  c o l l e c t o r  m a y  h a v e  b e e n  d e c r e a s i n g  its w o r k  f u n c t i o n  
s l i g h t l y ;  o r ,  p o s s i b l y  t h e  s e c o n d  c o m p l e t e  set of d a t a   w a s   t a k e n   a t  
m o r e  n e a r l y  o p t i m u m  c o l l e c t o r  t e m p e r a t u r e s .  T h e  d a t a  s h o w n  i n  
Append ix  A ,  F igu res  A-1 t h r o u g h  A - 3 6 ,  are t h e  last set  of d a t a  
t a k e n   f r o m   S e p t e m b e r  5 through 12,  1968.  
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ELECTRODE POTENTIAL DlFF ERENCE- VOLTS 
F i g u r e  5. J-V C u r v e s  at T E  = 1673OK Showing Changes  i n  O u t p u t  P e r f o r m a n c e  
wi th  Time 
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W h e n   t h e   c o l l e c t o r   t e m p e r a t u r e  was v a r i e d   t o  select a n  
o p t i m u m   c o l l e c t o r   t e m p e r a t u r e ,   t h e   r e s u l t s   w e r e  at f i r s t   p u z z l i n g .  
F i g u r e s  6 and  7 i l l u s t r a t e  t h e  p r o b l e m .  R e d u c i n g  t h e  c o l l e c t o r  
t e m p e r a t u r e  r e d u c e s  t h e  c u r r e n t  d e n s i t y  at V = 0. A f t e r  s e v e r a l  
r u n s ,  s u m m a r i z e d  a t  10 a m p e r e s / c m 2  i n  F i g u r e  8, i t  w a s  f i n a l l y  
conc luded   t ha t   t he   l ower   n i cke l   fo i l   had   buck led   and   was   t ouch ing  
a c o o l  p l a c e  o n  t h e  t h e r m a l  c h o k e  t o  t h e  g u a r d  r i n g .  T h i s  c a u s e d  
a s e c o n d a r y   C s   r e s e r v o i r   t o   b e   f o r m e d   a t  a t e m p e r a t u r e   l o w e r   t h a n  
t h e   r e g u l a r   C s   r e s e r v o i r   t e m p e r a t u r e   w h e n   t h e   c o l l e c t o r   a n d   g u a r d  
w e r e  c o o l e d .  T h e r e f o r e ,  t h e  c u r v e s  i n  F i g u r e s  6 and  7 w e r e  n o t  
t a k e n  at c o n s t a n t  Cs  v a p o r  p r e s s u r e ;  as T C  d e c r e a s e d ,  t h e  e f f e c t i v e  
a l s o  d e c r e a s e d .  R e c o g n i z i n g  t h i s  d i f f i c u l t y ,  t h e  c u r v e s  a t  T C s  
T E  = 1957 and  2057'K i n   F i g u r e  8 w e r e   n o t   c a r r i e d   t o  low T C  v a l u e s .  
A r e v i e w   w a s   m a d e  of all t he  cu rves  p re sen ted  in  the  Append ix .  
I n   t h o s e   c a s e s   w h e r e  i t  w a s   t h o u g h t   p r o b a b l e   t h a t  a s e c o n d   r e s e r v o i r  
h a d  f o r m e d ,  t h e  Tcs v a l u e  w a s  p r e c e d e d  b y  a < s ign .  
T h e  f a m i l i e s  of c u r v e s  in F i g u r e s  9 and 10 show less output  
vo l tage  at t h e   g r e a t e r   c u r r e n t   d e n s i t i e s   t h a n   f o r   o t h e r   c o n v e r t e r s  
t e s t e d  i n  t h i s  p r o g r a m .  T h e s e  c u r v e s  are e n v e l o p e s  of f a m i l i e s  of 
J - V  c u r v e s  a t  v a r i o u s  C s  p r e s s u r e s .  B e c a u s e  of t h e  s e c o n d  
r e s e r v o i r ,  h i g h  C s  p r e s s u r e s  n e c e s s a r y  t o  d r a w  l a r g e  c u r r e n t s  
w e r e  n o t  o b t a i n e d .  T h i s  p r o b a b l y  e x p l a i n s  t h e  l o w e r  o u t p u t  v o l t a g e s  
at h i g h  c u r r e n t  d e n s i t i t e s .  A n o t h e r  p o s s i b i l i t y  i s  t h a t  a coa t ing  of 
W + W 0 2  o n   t h e   c o l l e c t o r   a n d   d e s c r i b e d   i n   t h e   n e x t   s e c t i o n   h a d  
s u f f i c i e n t   r e s i s t a n c e   t o   r e d u c e   t h e   o u t p u t   v o l t a g e   a t   h i g h   c u r r e n t  
d e n s i t i e s .  
T o w a r d  t h e  e n d  of t e s t i n g  t h i s  c o n v e r t e r ,  i n t e r m i t t e n t  s h o r t  
c i r c u i t s  b e t w e e n  t h e  e m i t t e r  a n d  g u a r d  d e v e l o p e d  at s p a c i n g s  of 2 to 
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F i g u r e  7. J - V  C u r v e s  at T E  = 1673OK, Tcs = 527OK and 1 0 - m i l  S p a c i n g  
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F i g u r e  8. A S u m m a r y  of the  Output  Poten t ia l  Versus  Col lec tor  Tern  e ra ture  
for S e v e r a l   E m i t t e r   T e m p e r a t u r e s  all  a t  1 0  A r n p e r e s l c m f a n d  
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F i g u r e  9. E n v e l o p e s  of J - V  C u r v e s  at V a r i o u s  E m i t t e r  T e m p e r a t u r e s ;  5 - m i l  S p a c i n g  
Tcs a n d  Tc  Opt imized .  
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F i g u r e  10. E n v e l o p e s  of J - V  C u r v e s  for V a r i o u s  E m i t t e r  T e m p e r a t u r e s ;  l o - m i l  
S p a c i n g ,  T, and  Tcs O p t i m i z e d  
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C H A R A C T E R I Z A T I O N   O F   T H E   E L E C T R O D E S  
A F T E R   C O N V E R T E R   O P E R A T I O N  
F i g u r e  1 1  s h o w s  t h e  a p p e a r a n c e  o f  t he  co l l ec to r  and  gua rd  
after o p e r a t i o n .  B o t h  e l e c t r o d e s  w e r e  c o a t e d  w i t h  a d a r k   g r e y  
d e p o s i t .  O n  s o m e  areas of the  gua rd ,  t he  depos i t  l ooked  l i ke  a 
b l ack  powder ,  bu t  at a magn i f i ca t ion  of 6 4 0   o r   m o r e   t h e   d a r k e s t  
areas a p p e a r e d  l i k e  a f o r e s t  of d e n d r i t e s .  F i g u r e  1 2  s h o w s  t h e  
e m i t t e r .   S o m e  of t h e  b l a c k  m a t e r i a l  f r o m  t h e  g u a r d  i s  a p p a r e n t  
o n  t h e  o u t e r  p a r t  of t h e  e m i t t e r .  T h i s  m a t e r i a l  p r o b a b l y  g o t  o n t o  
t h e   e m i t t e r  after t e s t i n g   a n d   w h i l e   h a n d l i n g   t h e   c o n v e r t e r   t o   o p e n  
i t .  Apparen t ly  th i s  depos i t  caused  the  in t e rmi t t en t  sho r t  c i r cu i t s  
o b s e r v e d   t o w a r d   t h e   e n d  of t e s t ing .  
L i g h t   s c r a p i n g s   w e r e   t a k e n  of t h e   d e p o s i t   a t   t h e   c e n t e r  of 
t h e  c o l l e c t o r  a n d  e x a m i n e d  by x - r a y  d i f f r a c t i o n .  A l l  t h e  d i f f r a c t i o n  
l i n e s   w e r e   a c c o u n t e d   f o r   b y   t h e   p r e s e n c e  of e l e m e n t a l  W a n d   W 0 2 .  
No Nb o r   n i o b i u m   o x i d e s   w e r e   o b s e r v e d .  
T h e   e m i t t e r   a p p e a r e d   t o   b e   c l e a n   e x c e p t   w h e r e   t h e   d e p o s i t  
f r o m  t h e  g u a r d  a d h e r e d .  L a r g e  g r a i n s  w e r e  e a s i l y  d i s c e r n i b l e  
w i t h  t h e  n a k e d  e y e .  O n e  g r a i n  n e a r  t h e  c e n t e r  w a s  1 1 4 - i n c h  l o n g .  
A n   x - r a y   d i f f r a c t i o n   a n a l y s i s   s h o w e d   t h a t   t h i s   w a s   o r i e n t e d   w i t h   t h e  
( 1  12)  p l a n e s  v e r y  n e a r l y  p a r a l l e l  t o  t h e  s u r f a c e .  T h e  e n t i r e  s u r f a c e  
of t h e  e m i t t e r ,  w h e n  o b s e r v e d  at a 240X magn i f i ca t ion ,  showed  sma l l  
c a v i t i e s  w i t h  p l a n a r  b o t t o m s  ( see  F i g u r e  1 3 ) .  T h e s e  c a v i t i e s  o r  p i t s  
w e r e  m o s t  n u m e r o u s  o n  t h e  l a r g e  ( 1 1 2 )  o r i e n t e d  g r a i n .  T h r e e  o t h e r  
g r a i n s   w e r e   e x a m i n e d   b y   x - r a y   d i f f r a c t i o n   a n d   v i s u a l l y   i n   t h e   m i c r o -  
s cope .  One  g ra in  had  (1  1 4 )  o r i e n t a t i o n  a n d  t h e  o t h e r  t w o  w e r e  of a 
(113)  o r i en ta t ion .  The  bo t tom of t h e  p i t s  o n  t h e s e  g r a i n s  w e r e  t i p p e d  
t h e   c o r r e c t   a n g l e   f r o m   t h e   g r a i n   o r i e n t a t i o n   t o   e x p o s e   t h e  ( 1  12)  
s u r f a c e s .  A s s u m i n g  t h a t  a l l  t h e  p l a n a r  areas at t h e  b a s e  of t he  p i t s  
w e r e  ( 1  12)  p lanes ,  a p r o b a b l e   o r i e n t a t i o n   o f   t h e   e n t i r e   e m i t t e r   c o u l d  
20 
F i g u r e  1 1 .  P h o t o g r a p h  of t h e  C o l l e c t o r  A f t e r  C o n v e r t e r  O p e r a t i o n  
F i g u r e  12 .  P h o t o g r a p h  of t h e  E m i t t e r  After C o n v e r t e r  O p e r a t i o n  
2 1  
I 
F i g u r e  13. M i c r o p h o t o g r a p h  of t h e  E m i t t e r ,  240X.  
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b e  i n f e r r e d .  F i g u r e  14 s h o w s  a m a p  of t h e s e  o b s e r v a t i o n s .  T h e  
g r a i n s   t h a t   w e r e   c h e c k e d   b y   x - r a y   d i f f r a c t i o n   h a v e   t h e   o r i e n t a t i o n  
u n d e r l i n e d .  T h e  o r i e n t a t i o n  of t h e  o t h e r  g r a i n s  w a s  b y  v i s u a l  
o b s e r v a t i o n  of t h e   s l o p e s  of t h e  flat areas, a s s u m i n g   t h e s e  flats 
w e r e  ( 1 1 2 ) .  R e g i o n s  m a r k e d  f .  g. w e r e  f i n e  g r a i n  r e g i o n s .  No 
(100)  o r i e n t e d   g r a i n s   w e r e   o b s e r v e d .  
T h i s  e m i t t e r  w a s  o r i g i n a l l y  (100)  o r i e n t e d .  It h a s  b e e n  
d e m o n s t r a t e d   t h a t   i n  a good vacuum,  W f o i l s   t e n d   t o   u n d e r g o  
s e c o n d a r y   r e c r y s t a l l i z a t i o n   w i t h   t h e  (1 10)   p lanes   exposed .  :: 
H o w e v e r ,   W a l t e r   a n d   D u n n   h a v e   d e m o n s t r a t e d   t h a t   f o r   m a n y  
m e t a l s   t h e   p r e s e n c e  of s l i gh t  con tamina t ion  of HZ0  v a p o r   o r   O 2  
a l t e r s  t h e  s u r f a c e  e n e r g i e s  s o  t h a t  o t h e r  d i r e c t i o n s  a r e  p r e f e r r e d  
d u r i n g  s e c o n d a r y  r e c r y s t a l l i z a t i o n .  F o r  e x a m p l e ,  b o d y  c e n t e r  c u b i c  
3% s i l i c o n  i r o n  g r o w s  ( 1  10)  c r y s t a l l i t e s  i n  v a c u u m  a n d  (100)  in  the 
p r e s e n c e  o f  02. T h e  g r o w t h  i n  0 2  of (112)  p l a n e s  h a s  n e v e r  b e e n  
o b s e r v e d .  M r .  J o h n  W a l t e r ,  w h o  h a s  b e e n  s t u d y i n g  t h e  r e c r y s t a l -  
l i za t ion  o f  W w i r e s  a n d  s h e e t s ,  b e l i e v e s  t h a t  0 2  g a s   o r   0 2   f r o m   t h e  
d i s s o c i a t i o n  of H 2 0   o n   t h e   e m i t t e r   s u r f a c e   w o u l d   t e n d   t o   f a v o r   t h e  
( 1 0 0 )  o r i e n t a t i o n   i n   s e c o n d a r y   r e c r y s t a l l i z a t i o n  of a body   cen te red  
c u b i c  m a t e r i a l  s u c h  as W. Also ,  t he   su r f ace - to -vo lume   r a t io  of  
t he  20 -mi l  l aye r  i s  p robab ly  no t  su f f i c i en t ly  g rea t  fo r  t he  su r face  
e n e r g y   t o   p r o v i d e   t h e   d r i v i n g   f o r c e   f o r   s e c o n d a r y   r e c r y s t a l l i z a t i o n .  
T h e r e f o r e ,  h e  i s  of t h e   o p i n i o n   t h a t   t h e   0 2   p r e s e n t   d i d   n o t   c a u s e   t h e  
o r i e n t a t i o n  t o  b e  c h a n g e d  t o  ( 1 1 2 ) ;  r a t h e r ,  in t h e   f i r s t   f e w   l a y e r s  of 
t h e   v a p o r   d e p o s i t e d  W t h e r e   w e r e   m a n y   c r y s t a l l i t e s  of (1  12 ) ,   (1  1 3 ) ,  
and  (114)  o r i e n t a t i o n   w h i c h   d u r i n g   t h e   h i g h   t e m p e r a t u r e   t r e a t m e n t s  
g r e w  at t h e   e x p e n s e  of t h e  (100)  c o l u m n a r   g r a i n s   u n t i l   t h e  (1  1 2 )   t o  
(114)  o r i e n t a t i o n   r e a c h e d   t h e   s u r f a c e .  
: :Personal  communica t ion  wi th  J. L W a l t e r .  
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F i g u r e  14. M a p  of t h e  E m i t t e r  after C o n v e r t e r  O p e r a t i o n .  U n d e r l i n e d  
O r i e n t a t i o n s  w e r e  C h e c k e d  b y  X - r a y  D i f f r a c t i o n .  O t h e r  A r e a s  
I n f e r r e d  A s s u m i n g  B o t t o m  of P i t s  w e r e  112 s u r f a c e s .  (f .  g. 
m e a n s   f i n e   g r a i n   a r e a )  
2 4  
L. H. G e r m e r  a n d  J. W .  May ,  (12 )  in  s tudy ing  the  e f f ec t  of 
0 2  o n  a (110)  face of W,  r e p o r t e d ,  " T h e  s u r f a c e  c a n  a l w a y s  b e  f r e e d  
f r o m   o x y g e n   b y   f l a s h i n g  at 2000°K w i t h   n o   r i s e   i n   p r e s s u r e ,   w h i c h  
p r o b a b l y   m e a n s   t h a t   t h e   o x y g e n   i s   r e m o v e d   b y   t h e   e v a p o r a t i o n  of 
oxides" .  N. J. T a y l o r  ( 1 3 )  o b s e r v e d  t h a t  O 2  facets a ( 1 1 1 )  f a c e  of W 
leaving   the  (1 12)   p l anes   exposed .  
I t  i s  pos tu l a t ed  tha t  i n  th i s  case,  f i r s t   t h e   2 0 - m i l   l a y e r  
u n d e r w e n t   g r o w t h  of (112) ,  (1  13 )  and  (1  14 )  c rys t a l l i t e s  at the  expense  
of t h e  ( 1 0 0 )  c o l u m n a r  g r a i n s .  S u b s e q u e n t l y  t h e  0 2  by t h e  r e m o v a l  of 
W 0 2  f a c e t e d   t h e   ( 1   1 3 ) ,   ( 1   1 4 )   a n d  ( 1  1 2 )   c r y s t a l l i t e s   e x p o s i n g   t h e   i l l 2  1 
p l a n e s  a t  t h e  b a s e  of p i t s .  
I 
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COMPARISON  WITH  OTHER  CONVERTERS 
F i g u r e  15 c o m p a r e s   t h e   o u t p u t   p o w e r   v e r s u s  T E  f o r   t h r e e  
c o n v e r t e r s  at 1 0 - m i l  s p a c i n g  a n d  10 a r n p e r e s / c m 2 ;  T C  a n d  Tcs 
are  o p t i m i z e d .  T h e  o u t p u t  of t h i s  c o n v e r t e r  i s  less t h a n  t h e  c o n v e r t e r  
w i t h  W ( 1 0 0 )  i l l 0 1  e m i t t e r  a n d  Nb c o l l e c t o r .  E x c e p t  a t  t h e  h i g h e s t  
e m i t t e r  t e m p e r a t u r e ,  t h i s  c o n v e r t e r  p r o d u c e s  m o r e  o u t p u t  t h a n  t h e  
c o n v e r t e r   w i t h  a p o l y c r y s t a l l i n e  W e m i t t e r   a n d  a N b   c o l l e c t o r .  
One  way  to  improve  the  ou tpu t  of a c o n v e r t e r   i s   t o   d e v e l o p  
a n  e m i t t e r  s u r f a c e  t h a t ,  at a p a r t i c u l a r  t e m p e r a t u r e ,  p r o d u c e s  h i g h  
e l e c t r o n  e m i s s i o n  a t  r e l a t i v e l y  low C s  p r e s s u r e .  T h e  l o w e r  C s  
r e d u c e s   t h e   e l e c t r o n   s c a t t e r i n g   i n   t h e   p l a s m a   a n d   r e d u c e s   t h e   p l a s m a  
l o s s e s ;  a c c o r d i n g l y ,  t h e  l o w e r  C s  p r e s s u r e  p e r m i t s  o n e  t o  o p e r a t e  
t h e  c o n v e r t e r  at a w i d e r  s p a c i n g .  F i g u r e  16  c o m p a r e s  a J - V  c u r v e  
f r o m   t h i s   c o n v e r t e r   w i t h   c u r v e s   f r o m   t w o   o t h e r   c o n v e r t e r s  at 
TE = 2153'K. T h e  emitter of t h i s  c o n v e r t e r  p r o d u c e s  h i g h e r  c u r r e n t  
d e n s i t i e s  at l o w e r   C s   p r e s s u r e s   t h a n   a n y   o t h e r   c o n v e r t e r   t e s t e d   i n  
t h i s  p r o g r a m .  N o t i c e  t h a t  at T E  = 2153 K and  Tcs = 603'K, t h e  
c u r r e n t   d e n s i t y   a t   e l e c t r o d e   v o l t a g e s  of 1 v o l t   o r  less is g r e a t e r  
t h a n   f o r   t h e  W (1   10 )   (1   10  1at l O o K   h i g h e r   C s   r e s e r v o i r   t e m p e r a t u r e .  
T h e  h i g h  e m i s s i o n  of t h i s   e m i t t e r  is e v e n  m o r e  p r o n o u n c e d  a t  low 
e m i t t e r  t e m p e r a t u r e s  as d e m o n s t r a t e d  i n  C u r v e s  A ,  B a n d  C of 
F i g u r e  17. C u r v e  D o f  F igu re  17  i s  a J - V  trace f o r  t h e  l o w e s t  Tcs 
r e s e r v o i r   t e m p e r a t u r e   o b s e r v e d   i n   t h i s   p r o g r a m   f o r  a c o n v e r t e r  
g e n e r a t e d  p o w e r  i n  t h e  d i s c h a r g e  m o d e .  
0 
A c c o r d i n g   t o   t h e   e x c e l l e n t   w o r k   b y   C o g g i n s   a n d   S t i c k n e y ,   ( 1 4 )  
W(110)  s h o u l d   g i v e   h i g h e r - e l e c t r o n   e m i s s i o n   i n   C s   v a p o r   t h a n   W ( 1 1 2 ) .  
I n   f i e l d   e m i s s i o n   s t u d i e s ,   H o u s t o n   o b s e r v e d   t h a t   t h e   ( 1 1 6 )   p l a n e s  of 
W have  a low w o r k  f u n c t i o n  i n  v a c u u m .  T h e  W a t o m s  on the ( 1  16 ) ,  
(1  14 ) ,  and  ( 1  13 )  p l anes  a r e  loose ly  packed .  One  would  expec t  tha t ,  
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F i g u r e  15. C o m p a r i s o n  of O u t p u t  P e r f o r m a n c e  of Three C o n v e r t e r s  at 
10 Amperes l cm2  and  10 -mi l  Spac ing .  ( In  the  hyphena ted  pa i r s ,  
t h e  e m i t t e r  s u r f a c e  i s  i n d i c a t e d  b e f o r e  t h e  h y p h e n  a n d  t h e  
c o l l e c t o r   a f t e r   t h e   h y p h e n .  ) 
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1 T,, 603°K 
THERMIONIC  CONVERTER 
VG-23 
EMITTER W 
COLLECTOR W +WO, on NI 
TE = 2153'K or Nb 
Tc = 973'K 
SPACING - 5 MILS 
0 1.25 1.50 5 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
F i g u r e  16. J - V  C u r v e s  f o r  the T h r e e  C o n v e r t e r s  of F i g u r e  15 U n d e r  S i m i l a r  
Condi t ions  at T E  = 2153OK. 
5 0  
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ELECTRODE POTENTIAL DIFFERENCE -VOLTS 
F i g u r e  17. J - V  C u r v e s  f o r  t h e  T h r e e  C o n v e r t e r s  of F i g u r e  15 a t  TE  = 1673OK-- 
Not ice   t he  Low T c s  Value  for C u r v e  D. 
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e m i s s i o n   t h a n   t h e  (100)  p l a n e s   a n d   m u c h   l e s s   t h a n   t h e   ( 1 1 0 )   p l a n e s .  
T h e   p r e s e n c e   o f  O2 i n   t h i s   c o n v e r t e r   m a y   b e   r e s p o n s i b l e   f o r   t h i s  
h i g h   e l e c t r o n   e m i s s i o n   f r o m  the c e s i a t e d   s u r f a c e .  
R e t u r n i n g  t o  F i g u r e  16, it i s  a p p a r e n t  t h a t  t h i s  c o n v e r t e r  
p roduces  lower  vo l t age  at c u r r e n t   d e n s i t i e s  of 15 a m p e r e s / c m 2   o r  
l e s s .  Part of t h i s  effect i s  c a u s e d  b y  t h e  f a c t  t h a t  t h e  c o l l e c t o r  w a s  
h o t t e r  t h a n  t h e  o p t i m u m  t e m p e r a t u r e  (see F i g u r e  8). T h e  w o r k  
func t ion  of t h e   c o l l e c t o r   a n d   t h e   e n d  of t e s t i n g   s h o w e d  a m i n i m u m  
value of 1. 44 eV.  Th i s  low v a l u e  p r o b a b l y  i s  t h e  r e s u l t  of t h e  
W + W 0 2  on  the  Nb .  An  unexp la ined  anamoly  ex i s t s - -namely ,  w i th  
th i s  l ow co l l ec to r  work  func t ion ,  why  i s  t he  ou tpu t  vo l t age  of t h i s  
c o n v e r t e r  as much  as 0. 3 vo l t  l ower  than  the  o the r  two c o n v e r t e r s ?  
3 0  
DISCUSSION 
It i s   w e l l   k n o w n   t h a t   e x t r e m e l y  small a m o u n t s  of H 2 0  v a p o r  
in  a W f i l a m e n t   l a m p   w i l l   s h o r t e n   t h e   l i f e  of t h e   l a m p   b y   d e p o s i t i n g  
m u c h   m o r e  W o n   t h e   g l a s s   b u l b   t h a n   w o u l d   b e   t r a n s f e r r e d   b y   e v a p -  
o r a t i o n .  T h e  s o - c a l l e d  " w a t e r  c y c l e "  i s  as fo l lows .  On the  hot  W 
s u r f a c e :  
w + O2-WO2 
T h e  W 0 2  is vola t i le  at t h e   f i l a m e n t   t e m p e r a t u r e   a n d   d e p o s i t s   o n   t h e  
g l a s s .  A t  t h e  g l a s s  t e m p e r a t u r e ,  H2 r e d u c e s  W 0 2  t o  p r o d u c e  
W + 2 H 2 0  T h e  t w o  H 2 0  m o l e c u l e s  g o  b a c k  t o  t h e  f i l a m e n t  t o  b r i n g  
b a c k  a n o t h e r  W a t o m .  B y  t h i s  r e g e n e r a t i v e  p r o c e s s ,  a small  amoun t  
of H z 0  c a n   t r a n s p o r t  a l a r g e   a m o u n t  of W. 
I n  t h e  p r e s e n c e  of C s  v a p o r ,  t h e  r e a c t i o n  i s  p r o b a b l y  m u c h  
m o r e  c o m p l i c a t e d .  P e r h a p s  C s 2 0  f o r m s  a c y c l e  l i k e  t h e  H z 0  c y c l e  
and H z 0  vapor  is no t  involved .  In  th i s  exper iment ,  if t h e  r e a c t i o n  h a d  
been  a s i m p l e  H 2 0  c y c l e ,   t h e   d e p o s i t   o n   t h e   c o l l e c t o r   a n d   g u a r d   w o u l d  
h a v e  b e e n  p u r e  W. From t h e  x - r a y  d i f f r a c t i o n  l i n e  i n t e n s i t i e s  of t he  
m a t e r i a l  o n  t h e  c o l l e c t o r ,  o n e  w o u l d  c o n c l u d e  t h a t  t h e r e  w a s  m o r e  
t h a n  a t r a c e  of W 0 2 ;  r a t h e r ,   a b o u t  40% of t h e   d e p o s i t   m a y   h a v e   b e e n  
w 0 2 .  
T h e   c o a t i n g   o n   t h e   g u a r d ,   c o l l e c t o r   a n d   a l s o   o n  a Ni  fo i l  in  
a n  area tha t   could  ' ' see ' '  t h e   e m i t t e r   w a s   a b o u t  0. 5 - m i c r o n   t h i c k  
w i t h  c r y s t a l l i n e  d e n d r i t e s  e x t e n d i n g  6 to  9 m i c r o n s .  T h e  t o t a l  a r e a  
c o v e r e d  w a s  a b o u t  8 cm . It i s  h a r d  t o  e s t i m a t e  t h e  v o l u m e  o r  2 
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d e n s i t y  of t h i s  m a t e r i a l .  H o w e v e r ,  a r o u g h  e s t i m a t e  i n d i c a t e s  
t h a t  if 40% of t h e   v o l u m e  of t h e   m a t e r i a l   w a s  W 0 2 ,  i t  would have 
r e q u i r e d  0. 9 x m o l e s  of 02. This   wou ld   be  2 x cc of 
0 at s t a n d a r d  t e m p e r a t u r e  a n d  p r e s s u r e .  2 
T h e   i n s i d e  of t h e   c o n v e r t e r   h a s  a v o l u m e  of about  60 cc ;  
t h e r e f o r e ,  t h i s  a m o u n t  of 0 2  would  be  about  0. 25 t o r r .  A t  t h e  t i m e  
t h e  c o n v e r t e r  w a s  s e a l e d  f r o m  t h e  p u m p ,  t h e  p r e s s u r e  w a s  10 
t o r r .  W h e r e  d i d  all t h e  0 c o m e  f r o m ?  If i t  w a s  a d s o r b e d  o n  t h e  
in s ide  surfaces  of t he  conve r t e r ,  i t  wou ld  have  been  12 m o l e c u l a r  
l a y e r s   d e e p .   T h i s  seems i m p r o b a b l e ;   h o w e v e r ,  J. R .  Young::: h a s  
r e c e n t l y  m e a s u r e d  4 m o l e c u l a r  l a y e r s  o n  B e  a n d  3 9  m o l e c u l a r  l a y e r s  
of O 2  o n  T i ,  s o  p o s s i b l y  t h e  Mo, Ni ,  N b  a n d  A 1 2 0 3  s u r f a c e s  h e l d  t h e  
O2  as a n   o x i d e   l a y e r   a t   r o o m   t e m p e r a t u r e   a n d   g a v e   i t   u p  at t h e  
o p e r a t i n g  t e m p e r a t u r e s .  It h a s  b e e n  r e p o r t e d  t h a t  u n d e r  s o m e  
cond i t ions  the  ou tpu t  pe r fo rmance  of a t h e r m i o n i c   c o n v e r t e r   m a y  
be   enhanced   by   admi t t i ng  O2 b e t w e e n   t h e   c o l l e c t o r   a n d   t h e   e m i t t e r .  
T h i s   e x p e r i m e n t   s u g g e s t s   t h a t   t h e   i n t r o d u c t i o n  of O2 m u s t   b e   c a r e f u l l y  
con t ro l l ed   t o   avo id   t r anspor t  of e m i t t e r   m a t e r i a l   t o   t h e   c o l l e c t o r .  
- 8  
2 
(8, 15) 
: :Pr ivate  communicat ion with J. R .  Young. 
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CONCLUSIONS 
T h i s   c o n v e r t e r   w a s   i n i t i a l l y   f a b r i c a t e d   w i t h  a (100)  
o r i e n t e d  W e m i t t e r  a n d  a Nb  co l l ec to r .  Dur ing  ope ra t ion ,  t he  
c r y s t a l   s t r u c t u r e  of t h e   e m i t t e r   c h a n g e d   t o  a (1 1 2 )  t o  ( 1  14)  
o r i e n t a t i o n   a n d  W + W 0 2  w a s   d e p o s i t e d   o n   t h e   N b   c o l l e c t o r .  
T h e  p e r f o r m a n c e  d a t a  p r e s e n t e d  h e r e i n  i s ,  t h e r e f o r e ,  a s s o c i a t e d  
w i t h  t h e  l a t t e r  s u r f a c e  c h a r a c t e r i s t i c s .  
T h e   p r e s e n c e  of t h e   d e p o s i t   o n   t h e   c o l l e c t o r   e m p h a s i z e s  
t h e   i m p o r t a n c e  of t h e   o u t g a s s i n g   p r o c e d u r e   i n   b u i l d i n g   c o n v e r t e r s .  
T h e   g r a i n   g r o w t h  in  the  emi t t e r  p robab ly  was  no t  caused  
b y  t h e  p r e s e n c e  of 0 2 .  H o w e v e r ,  t h e  p e r f o r m a n c e  of t h e  e m i t t e r  
a p p e a r e d   t o   b e   e n h a n c e d   b y   t h e  02.  
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SYMBOLS AND DEFINITIONS 
D e f i n i t i o n s  
W o r k  f u n c t i o n  - e l e c t r o n  v o l t s  
W o r k  f u n c t i o n  of e m i t t e r  
W o r k   f u n c t i o n  of c o l l e c t o r  
E l e c t r o n  v o l t s  
T e m p e r a t u r e  of e m i t t e r  
T e m p e r a t u r e  o f  c o l l e c t o r  
T e m p e r a t u r e  of c e s i u m   r e s e r v o i r  
C u r r e n t  d e n s i t y  v e r s u s  v o l t a g e  c u r v e s  
W o r k  f u n c t i o n  of g u a r d  
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Output  Character is t ics  of a Thermionic Converter with 
a W(112) t o  (114) Emltter and a Col lec tor  of W + WO on Nb 2 
The fol lowing data  were taken af ter  the converter  
appeared t o  becoine s tab le  wi th  t ime.  
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513 t o  553 
513 t o  553 
513 t o  553 
513 to 553 
513 t o  553 
553 
533 t o  573 
533 t o  573 
533 t o  573 
533 t o  573 
533 to 573 
553 
553 to <593‘; 
553 t o  <593 
553 to <553 
553 t o  <593 
553 t o  <593 
573 
573 t o  e613 
573 to ~ 6 1 3  
573 to <613 
573 t o  <613 
573 to 4 1 3  
573 
583 t o  <613 
583 to 4 1 3  
583 t o  <613 
583 to <613 
































2 t o  20 
90- explanation of < sign, see page 14. 
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2 3 ( 4  2 1 5 3  9 7 3  6 0 3  to <643 2 
2 3 b )  2153 9 7 3  6 0 3  to <643 5 
23(c)  2153 9 7 3  603 to <643 7 
2 3 ( d  21  53 9 7 3  6 0 3  to <643 10 
2 3 ( e )  2153 9 7 3  6 0 3  to <643 20 









THERMIONIC  CONVERTER 
VG-23 
EMITTER W(114)(112) 
COLLECTOR W+W02 on Nt: 
TE = 1673 O K  
Tc =848OK 
SPACING- 2 MILS 
L 
1 I .o 1.25 1.50 I .75 
2 
ELECTRODE POTENTIAL DIFFERENCE- VOLTS 
(a) Spacing, 2 mils; cesium temperature, 513' to 553' K. 
Figure  18. - Output characteristics of thermionic  converter with W(112) to (114) 
emitter  and  collector of W + W02 on Nb. Emitter  temperature, 1673' K; 
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THERMIONIC CONVERTER 
VG- 23  
EMITTER W (114) (I 12) 
COLLECTOR W+W02 on Nb 
TE = 1673°K 
Tc = 848°K 
SPACING- 5 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
'5 
(b) Spacing, 5 mils;  cesium  temperature, 513' to 553' K. 





THERMIONIC  CONVERTER 
VG-23 
EMITTER W(114)(112) 
COLLECTOR W+WO2 on Nb 
TE = 1673 O K  
Tc = 848'K 
SPACING- 7 MILS 
. . . 
- 
0 I 5 1.50 I .75 
L 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(c) Swcing, 7 mils;  cesium  temperature, 513' to 553' K. 





COLLECTORW+W02 on Nb 
TE = 1673°K 
Tc = 848  O K  
SPACING- 10 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(d) Spacing, 10 mils;  cesium  temperature,  f113~to 553' K. 





5 I .I 
THERMIONIC  CONVERTl 
EMITTER  W(114)(112) 
TE = 1673 O K  
Tc = 848°K 
VG- 23  
COLLECTORWtWOz 0 1  
SPACING- 20  MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
d I .75 
(e) Spacing, 20 mils; cesium temperature, 513' to 553' K. 
Figure 18. - Continued. 
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THERMIONIC  CONVERTER 
VG-23 
EMITTER W(I 14)(112) 
COLLECTOR W+W02on Nb 
TE = 1673 O K  
Tc = 848°K 
SPACING-  SHOWN 
TCS= 533°K . 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
5 
(f) spacing, 2 to 20 mils; cesium temperature, 553' K. 
Figure 18. - Concluded. 
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THERMIONIC  CONVERTER 
VG - 23 
EMITTER W(ll4)(112) 
COLLECTOR W+W02 on Nb 
TE = 1770°K 
Tc = 873°K 
SPACING- 2 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(a) Spacing, 2 mils; cesium temperature, 533' to 573' K. 
Figure 19. - Output characteristics of thermionic  converter  with W(112) to (114) 
emitter and collector of W + W 0 2  on Nb. Emitter  temperature, 1770' K; 
collector temperature, 873' K. 
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THERMIONIC  CONVERTER 
VG-23 
EMITTER W (114)(112) 
COLLECTOR W+W02 on Nb 
TE = 1770 O K  
Tc = 873 O K  
SPACING- 5 MILS 
5 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(b) Spacing, 5 mils;  cesium  temperature, 533' to 5'1'3' K. 








COLLECTOR W+W02 on N 
TE = I770 "K 
Tc = 873 O K  
SPACING- 7 MILS 
-. 
- 
I I. 1 I. 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
.. 
" 
. -  . 
- .  
3 
(c) Spacing, 7 mils; cesium temperature, 533' to 573' K. 
Figure 19. - Continued. 
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THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W + m ) 2 ~  Nb 
TE = I770 O K  
Tc = 873 O K  
SPACING- IO MILS 
0.75 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(d) Spacing, 10 mils;  cesium  temperature, 533' to 573' K. 
Figure 19. - Continued. 
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THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+ W2 on Nb 
Tr 1773 O K  
Tc = 873 O K  
SPACING-20 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(e) Spacing, 20 mils; cesium temperature, 533' to 573' K. 





I I .2! 
THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+WO2on Nb 
Tr =I77O0K 
Tc = 873 O K  
SPACING- SHOWN 
Tcs = 553'K 
: I . C 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
~ 
io I. 
(f) spacing, 2 to 20 mils;  cesium  temperature, 553' K.  
Figure 19. - Concluded. 
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"0 0.25 
THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+W2 on Nb 
Tc = I865 O K  
Tc = 923 O K  
SPACING- 2 MILS 
0.50 0.75 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(a) Swcing, 2 mils; cesium temperature, 353"t0<593~ K. 
5 
Figure 20. - Output characteristics of thermionic  converter with W(112) to (114) 
emitter  and  collector of W + W 0 2  on Nb. Emitter  temperature, 1865' K; 
collector  temperature, 923' K. 
50 
THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+ WO2 on Nb 
Tc = 923'K 
. Tr I865'K 
SPACING- 5 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(b) Spacing, 5 mils;  cesium  temperature, 553' to <503O K. 
Figure 20. - Continued. 
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THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+Wz on Nb 
Tr = 1865°K 
Tc = 923 O K  
SPACING- 7 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(c) spacing, 7 mils; cesium temperature, 353' to <593O K. 
Figure 20. - Continued. 
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THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+WOpm Nb 
Tr = 1865 O K  
Tc = 923.K 
SPACING- IO MILS 
I .25  I .50 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
'5 
(d) Spacing, 10 mils;  cesium  temperature, 553' to <593O K. 
Figure 20. - Continued. 
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THERMIONIC CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+WO2on Nb 
TE I865 O K  
Tc = 9 2 3  O K  
SPACING-20 MILS 
"0 0.25 0.50 0.75 I .oo I .  25 I 10 I, 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(e) Spacing, 20 mils;  cesium  temperature, 553' to <593O K. 
Figure 20. - Continued. 
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EMITTER W (114)(112) 
COLLECTOR W+m)pm Nb 
Tr = 1865% 
Tc = 923.K 
. .. . , . - 
SPACING-SHOWN 






ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(f) Spacing, 2 to 20 mils;  cesium  temperature, 573' K. 
Figure 20. - Concluded. 
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'5 
ELECTROOE POT€NTIAL OlFF ERENCE- VOLTS 
(a) Spacing, 2 mils; cesium temperature, 573' to <613O K. 
Figure  21. - Output characteristics of thermionic  converter with W(112) to (114) 
emitter and collector of W + W02 on Nb. Emitter temperature, 1962' K; . 































0.25 a io 
THERMIONIC CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+WO2on Nb 
Tr =I962 O K  
Tc : 942 O K  
SPACING- 5 MILS 
ELECTROOE  POTENTIAL OIFFERENCE- VOLTS 
'5 
(b) Spacing, 5 mils; cesium temperature, 573' to <613O K. 
Figure 21. - Continued. 
57 
(c) Spacing, 7 mils; cesium temperature, 573' to <613' K. 
Figure 21. - Continued. 
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THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+W2 011 Nb 
TE =I962 O K  
Tc 948'K 
SPACING- IO MILS 
i5 0.50 0.75 I .oo 1.25 I .50 
ELECTRODE  POTENTIAL OIFFERENCE- VOLTS 
I '5 
(d) Spacing, 10 mils;  cesium  temperature, 573' to <613' K. 
Figure 21. - Continued. 
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5 0.50 a 
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THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+Wzon Nb 
TE = 1962 O K  
Tc = 948.K 
SPACING-20 MILS 
ELECTRODE POTENTIAL DIFFERENCE- VOLTS 
(e) Spacing, 20 mils;  cesium  temperature, 573' to <613' K. 
Figure 21. - Continued. 
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-I K I N G  
THERMIONIC  ONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+W02on Nb 
TE = 1962°K 
Tc = 9 4 8  O K  
SPACING- SHOWN 
Tcs = 5 7 3 O K  
. ."
" . 
"0 0.25 0.50 0.75 I .oo I .25 I S O  I .75 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(f) Spacing, 2 to 20 mils;  cesium  temperature, 573' K. 








THERMIONIC  CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+WO2on Nb 
TE ~2057  O K  
Tc = 948 O K  
SPACING- 2 MILS 
5 I .oo 1.25 I S O  I .75 
ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(a) Spacing, 2 mils: cesium temperature, 583' to <613O IC. 
Figure 22. - Output characteristics of thermionic  converter  with W(112) to (114) 
emitter  and  collector of W + W 0 2  on Nb. Emitter  temperature, 205'7' K; 





EMITTER W (114)(112) 
COLLECTOR W+W02on Nb 
Tr = 2057°K 
Tc = 948 O K  
SPACING- 5 MILS 
0.25 0.50 0.75 I .oo 1.25 I 5 0  I 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(b) Spacing, 5 mils; cesium temperature, 583' to <613O K. 
'5 
Figure 22. - Continued. 
63 
(c) spacing, 7 mils; cesium temperature, 583' to <613' K. 





_ _ _  , THERMIONIC CONVERTER 
VG- 23 
EMITTER W (114)(112) 
COLLECTOR W+W2m Nb 
lr = 2057 O K  
Tc = 948 O K  
SPACING- 10 MILS 
ELECTROOE  POTENTIAL  OIFFERENCE-  VOLTS 
(d) Spacing,  10  mils;  cesium  temperature, 583Oto <613' K. 





EMITTER W (114)(112) 
COLLECTOR W+W02on Nb 
TE = 2057'K 
Tc = 948 O K  
4 s  SPACING-20 MILS 
< 61 3°K 
0.25 0.50 0.75 I .oo I .25 I .50 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(e) Spacing, 20 mils;  cesium  temperature, 583' to <613O K. 




EMITTER W (114)(112) 
COLLECTOR W+WO2on Nb 
TE 2057°K 
Tc =, 948 O K  
SPACING- SHOWN 
I .25 I .50 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
I r5 
(f) Spacing, 2 to 20 mils;  cesium  temperature, 603' K. 
Figure 22. - Concluded. 
67 
(a) Spacing, 2 mils;  cesium  temperature, 603' to <643O K. 
Figure 23. - Output characteristics of thermionic  converter with W(112) to (114) 
emitter  and  collector of W + W 0 2  on Nb. Emitter  temperature, 2153' K; 































EMITTER W (114)(112) 
COLLECTOR W+WO2on Nb 
TE = 2153°K 
Tc = 973°K 
SPACING- 5 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
5 
(b) Spacing, 5 mils;  cesium  temperature, 603' to <643O K. 
Figure 23. - Continued. 
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EMITTER W (114)(112) 
COLLECTOR W+W02on Nb 
TE =2153"K 
Tc = 97 3 O K  
SPACING- 7 MILS 
5 I .oo 1.25 I .50 I. 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
7! 5 
(c )  Spacing, 7 mils;  cesium  temperature, 603' to <643' K. 
Figure 23. - Continued. 
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5 I. 
THERMIONIC  CONVERTER 
VG-23 
EMITTER W(114)(112) 
COLLECTOR W t W O 2  on Nb 
TE=2153"K 
Tc = 973 O K  
SPACING- IO MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
0 I 5 
(d) Spacing, 10 mils; cesium  temwrature,  603' to <643O K. 
Figure 23. - Continued. 
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50r 
4 5 t "  




COLLECTOR W+WO;! on Nb 
TE = 21 53'K 
'cs 
<643OK 
< = 9 7 3 " K  
SPACING-20 MILS 
ELECTRODE  POTENTIAL  DIFFERENCE-  VOLTS 
(e) Spacing, 20 mils;  cesium  temperature, 603' to <643' K. 
Figure 23. - Continued. 
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ELECTRODE  POTENTIAL  DIFFERENCE- VOLTS 
(f) spacing 2 to 20 mils;  cesium  temperature, 623' K. 
Figure 23. - Concluded. 
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